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We extend an existing model proposed for estimating project duration for industrial projects
in general, to software intensive systems projects. We show, through nine di®erent cases studies
from di®erent sectors, that product similarity, measured in terms of requirements reuse, can
be incorporated into that model to improve its applicability in software intensive systems
projects.
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1. Introduction
Estimation of product development time is a critical activity at the outset of any
software intensive system development project. Johnson and Kirchain [1] state that
70% to 90% of project costs are determined during these earlier stages. However, at
this stage, little information on development details is available. Thus, it is not easy
to determine the project development time correctly and inaccurate estimations can
present risks in terms of project scheduling and resource allocation. Bashir and
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Thomson [2] emphasize the importance of correct estimations, stating that average
schedule overruns range from 41% to 258%.
If data on previous projects in the same domain is available this can be used for
estimating development time. At the beginning of the project, requirements are
de¯ned and formally speci¯ed. Whenever possible, requirements from previous
projects can be reused, a similarity analysis can be performed and this can be used as
input for development time estimation.
In the literature, there are numerous studies investigating techniques to reduce
development time and metrics to control it. Carter [3] discusses product portfolio
optimization to reduce development time. Callahan and Moretton [4] and Filippini
et al. [5] address reducing the development time in terms of project management.
Johnson et al. [6] discuss the importance of market knowledge on new product de-
velopment success. Lebcir and Choudrie [7] investigate the in°uence of product
complexity on product development time. Gri±n's model [8], derived essentially in
the context of manufacturing industries, is a signi¯cant contribution to this ¯eld in
that it applies reuse data quantitatively to development time estimation and obtains
realistic results; albeit in a non-software speci¯c environment.
This study investigates and extends the development time estimation model
proposed by Gri±n [8]. Her model has been developed based on measurements from
343 projects in di®erent sectors, but to the best of the authors' knowledge, has not
been applied on, nor adjusted speci¯cally for, industrial software intensive systems
projects. This is what the present study aims to do.
In the present study, we focus speci¯cally on project duration and not more
generally on cost or e®ort, because, while the literature on cost and e®ort prediction
is rather abundant, prediction of project duration seems to be less studied, and yet,
constitutes one of the signi¯cant factors in contract negotiations.
The present study aims to go beyond academic research to investigate the ap-
plicability of a software intensive systems development time estimation model in
industrial organizations. Within this scope, the impact of requirements reuse on
software development duration for di®erent products in a similar domain is inves-
tigated. A requirements oriented similarity analysis is performed for di®erent pro-
ducts in the same domain and the ¯ndings are used as an input to estimate the
development time using Gri±n's model. To assess the applicability of that model for
industrial software development projects, nine cases from three di®erent organiza-
tions have been studied. In each case study, based on system and software require-
ments and their re-use, similarity and newness of each product has been quanti¯ed.
Duration data derived from the empirical case studies have been compared with the
expected durations obtained using Gri±n's model. According to the main func-
tionalities of each product, their complexities have been determined. By taking into
account the newness and complexity measures of each product, product development
times have been estimated using Gri±n's model. The results of those estimations
have been compared with the actual durations of each project.
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The case studies showed that estimated durations did not match the actual
durations of software products whereas the duration estimations for system projects
have been found to be compatible with realized durations. Therefore, an extension to
Gri±n's formulation is proposed for development time estimation speci¯cally for
software projects.
An earlier version of this study was presented at ICSEA 2012 [9]. In the present
paper the work has been extended to include a detailed discussion, veri¯cation of
product complexity measurement [10], an increased number of case studies and the
development of a framework for the development time estimation process.
The rest of this article is organized as follows:
Section 2 brie°y reviews the background of the problem of software product
development time estimation and the product similarity concept. Section 3 poses the
research problem and describes the research methodology. Characteristics of the
study and validity of the case studies are discussed in this section. Section 4 presents
the ¯ndings of the nine case studies. Section 5 discusses the results of case studies and
formulates the proposed modi¯cation for software development time estimation. The
software-speci¯c case studies are re-analyzed with the proposed modi¯cation.
Section 6 concludes the paper with an overview of the proposed process model for
estimating product development time, a summary of the limitations of the study and
suggestions for future work.
2. Background
We focus on the applicability of an existing product development time estimation
model [8] to industrial software and system projects. This section reviews the con-
cepts of product development time estimation, product similarity based on
requirements reuse and product complexity.
2.1. Product development time estimation
It is generally accepted that it is di±cult to formulate a generic model for develop-
ment time estimation [11]. Gri±n undertook a number of studies [8, 12–14] to de-
termine the time spent on product development and the factors that e®ect this
duration.
An earlier study by Gri±n [12] proposes a formula for estimating the product
development time with a limited data set. She classi¯es the factors which e®ect
development time in four groups as:
. changes during the product generation,
. complexity of product,
. whether a formal process is used in the organization and
. whether a cross functional team is used in the organization.
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Changes in the product and accordingly in the requirements will have a consid-
erable e®ect on the development workload. Callahan and Moretton [4] observed that
a factor that has a major e®ect on product development time is Newness/uncer-
tainty.
Gri±n hypothesizes [8] that the development cycle time increases with greater
product complexity.
If organizations do not have formal development processes, the development time
is longer compared to those with formal development processes. In an empirical study
by Barczak et al. [15], based on the 2003 best practices survey of the Product De-
velopment & Management Association (PDMA) in the USA, about 150 organiza-
tions were analyzed and according to this study 15% of the ¯rms did not have a
formal development process.
The use of a cross functional team also a®ects development time. A study by
Olson et al. [16] emphasizes that cooperation between speci¯c functional depart-
ments associated with the new product being developed is important in increasing
project performance.
Gri±n [12] has de¯ned Development Time (DT) and Concept To Customer
(CTC) as two separate parameters. DT begins from the design and product devel-
opment through to the introduction to the customer. CTC begins with concept
development and continues to the speci¯cation de¯nition until the introduction to
the customer. Requirements engineering activities are covered within CTC. If DT is
subtracted from the CTC this will give the time spent on requirements engineering
activities such as business development, concept development and requirements
de¯nition.
In a later study based on a large dataset, Gri±n [8] formulates development
time as:
DT ¼ þ 1DT  PCþ 2DT  NNþ 3DT  ðPC FPÞ
þ 4DT  ðNN XFTÞ þ DT ð1Þ
CTC ¼ þ 1CTC  PCþ 2CTC NNþ 3CTC  ðPC FPÞ
þ 4CTC  ðNNXFTÞ þ CTC ð2Þ
where  is the cycle time constant, PC and NN are product complexity and product
Newness/uncertainty, respectively. FP and XFT show, respectively, whether formal
processes or cross functional teams are used. is the error term. If a formal devel-
opment process is not used, then FP ¼ 0. The units of 1 and 3 are the months/
function designed in the product. The units of 2 and 4 are the months/percentage
of change in the product. The estimation of the coe±cients  and , based on the
data collected from many companies are given in Table 1.
Since Gri±n's work, cited more than 200 times and noted, for example by Dooley
et al. [17], as one of the best on new product development time estimation, was based
on measurements from 343 projects from 21 divisions of 11 companies in di®erent
sectors, her model has signi¯cantly contributed to establish the relationship between
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development time and product complexity, newness of product and use of a formal
process. As mentioned by Bashir and Thomson [2], Gri±n uses less subjective esti-
mations in comparison to other studies and does not require a large amount of
development detail which may not be available at the early phases of projects. Thus,
the framework presented in the present study is based on the model proposed by
Gri±n [8].
2.2. Product similarity based on requirements
Reuse has traditionally been considered as a means for improving development
productivity and quality [18], and it is widely accepted to lead to the introduction of
faster, better and cheaper products into the market [19].
Engineers discover most of the software and hardware problems at the integration
phase of projects. Isolation of the source of these problems at this stage can take time
and this may a®ect the project duration. According to a study by Guo et al. [20], 50%
of the total time and cost of a project is spent on testing. To minimize the number of
faults detected during integration and test phases and avoid unnecessary delays in
project delivery, reuse of components created during various phases of di®erent
projects plays an important role. Considering that 7–15% of total project resources
are used for requirements engineering [21, 22], requirements-related phases of the
development lifecycle should be realized as e®ectively as possible.
Beside such advantages of requirements reuse, there are some concerns about
using existing requirements [19]. For example, existing requirements might not be
completely developed, in which case it will not be possible to use them. Another
concern is that if the existing requirements have not been updated, this would make
it di±cult to reuse them. Finally, if the requirements' quality is poor, their imple-
mentation will be di±cult. Dieste et al. [22] point to the risk of getting requirements
wrong when incremental development is used. In spite of these concerns, Chernak's
empirical study [19] indicates that requirements reuse helps to reduce time to market
as well as product cost. Moreover, according to Goldin and Matalon-Beck [23],
requirements reuse reduces the development e®ort by 45%, development time by
33% and time-to-market by 60%.
Lee and Lee [24] propose a measurement model for product similarity to identify
the products in the same family. Speci¯cations or features of the product are de¯ned
and according to those speci¯cations/features a product family relation is calculated
between two product groups. A similar approach has been adopted in the present
study. Requirements that de¯ne the products have been chosen as the main features
Table 1. Coe±cients used in the DT and CTC equations [8].

constant
1
PC
2
NN
3
PC FP
4
NNXFT
DT 8.4 4.2 0.09 1.9 0.09
CTC 10.4 3.7 0.16 0.1 0.16
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of the product. Based on the contents of the requirements, a similarity analysis is
conducted to ascertain the Newness of a current product compared to previous
products. Product similarity analysis is based on the reused requirements of the
products. Reuse rate is de¯ned as the ratio of the number of existing requirements
reused from the previously released requirements to the total number of requirements
used to implement a given release [19]. For Gri±n's model, the complement of
Similarity is used for Newness. Both variables are formulated as below.
Similarity ¼ Reuse Rate
¼ ðnumber of reused requirements from previous released requirementsÞðtotal number of requirementsÞ
 100% ð3Þ
Newnessð%Þ ¼ 100 Similarity ð4Þ
In the present study, requirements are counted for running projects and com-
pleted (or close to completion) projects. For requirements similarity, requirements
are identi¯ed according to their semantics instead of text-based similarity.
Requirements engineers evaluated the content meaning of the existing requirements
and determined if the selected requirements should be identi¯ed as reused or not. The
compared projects are in the same domain, therefore requirements are de¯ned by the
engineering team responsible from both projects in the same domain. The term same
domain means that the products, system or software in each case study are similar
and share some common features. This implies that the requirements semantics are
comparable among multiple projects. Thus, it is believed that the selected require-
ments can be equally comparable for the project in the scope of each case study.
2.3. Product complexity
Product complexity has e®ects on project determinants such as cost, duration and
resource allocation [25–27].
Various authors from a wide-ranging spectrum of engineering viewpoints have
considered product complexity according to their areas of research and adopted
scope. Murmann [28] de¯nes it as the number of parts in a product. Larson and Gobeli
[29] de¯ne project complexity as the number of di®erent disciplines or departments in
a project. Meyer and Utterback [30] de¯ne complexity from the design aspect as the
number of core technologies in a product. Novak and Eppinger [31] de¯ne product
complexity as the number of product components and the level of coupling between
these components plus the degree of product novelty. Similar concepts are also ap-
plied to determine software complexity. McCabe [32] introduced cyclomatic com-
plexity, based on program structure. He developed a mathematical model to identify
software modules to test and maintain software more easily. A similar de¯nition
based on software structure is introduced by Zuse [33]. He de¯nes complexity as the
di±culty to maintain, change and understand software. Other sources and di®erent
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dimensions of product complexity are discussed by Kim and Wilemon [34] and Or¯
et al. [27]. Such widely varying de¯nitions of product complexity lead to di±culties in
arriving at a universally accepted way of measuring it [27].
According to Gri±n's research, complexity levels are between 1 and 11 for pro-
jects from di®erent sectors. In the scope of the present study, Gri±n's complexity
de¯nition has been preserved, after having veri¯ed it [10] by measuring the grey
complexity of ¯ve products developed in a major defense contractor operating in the
international market.
3. Research Methodology
This section poses the main research question and outlines the research method and
data collection process.
3.1. Research problem and method
Project managers are aware of the impact of changes whether pre-planned or un-
expected and therefore recognize the need to monitor the e®ort and time expended on
the development of the project. However, without an accurate estimation of the
factors that can a®ect projects, managers are unlikely to be able to predict the
success or failure of the project. This observation leads to the following research
problem:
How can product similarity be re°ected to development time
estimation at the beginning of a software intensive system
development project?
The unit of analysis for our case study research is a software or system develop-
ment project. The research method depicted in Fig. 1 has been employed. Initially an
extensive literature survey has been conducted based on product development time
and product similarities. Based on that survey, Gri±n's model originally proposed
for manufacturing industries has been chosen. Similarity analysis has been conducted
between products to obtain the Newness value needed to estimate the development
time. Since Gri±n's model has not been applied to software products, it has been
expected that a modi¯cation would be needed.
The number of reused requirements, requirements engineering duration and
product complexity are the basic data collected in the case studies. Besides, other
data are required to complete the case studies. For example, to derive the newness or
similarity of the new product to previous products, it is necessary to know the total
number of requirements. Moreover, to determine whether requirements are reused or
not, it is also necessary to know the semantics of the requirements. For this purpose
requirements are evaluated according to their context as well as content. All these
issues lead to work with the engineers involved in the projects. Necessary data for the
case studies have been gathered by joint e®orts of project technical managers and one
of the authors of this article.
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3.2. Characteristics of the case studies
Based on Runeson and H€ost's classi¯cation [35], the characteristics of the present
study are explanatory and improving. It is explanatory because it explains the ne-
cessity for project management to de¯ne product development time at the beginning
of projects. It is also improving because the results show the shortcomings of a
proposed model. It improves the applicability of Gri±n's development time model to
software projects.
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Data collected in case studies can be quantitative, qualitative or a combination of
both [35, 36]. The necessary data to undertake the reported case studies include the
total number of requirements, reused requirements and duration of the requirements
de¯nition phase. This study also includes similarity analysis. Since this similarity
framework requires a count of requirements, a quantitative approach is employed.
3.3. Validity of the case studies
The following criteria established by Cavaye[36] and Gibbert et al. [37] are assessed
for the validity and reliability of the case studies:
. Internal validity: The metrics considered in this study are project complexity,
newness of product and whether a formal process is used or not. The lack of inter-
dependency among these is widely accepted as visible in the works of Callahan and
Moretton [4], Olson et al. [16], Herstatt et al. [38], Michalek et al. [39], Schim-
moeller [40] and Bonner et al. [41]. As we are investigating how product devel-
opment time is a®ected with similarity of the new product to the ones developed in
the past by the same company and having parallel degrees of complexity we
believe that it is fairly safe to assume that the dominant factor causing improve-
ment or degradation is the newness and complexity of the product.
. Construct validity: Data have been utilized from the interviews carried out by one
of the authors. These data consist of the number of requirements and duration of
the requirement de¯nition phase. Also, the data for complexity level of the pro-
ducts have been derived from the evaluations of the author and project technical
managers with a perspective gained by an objective assessment.
. External validity: To generalize our results for the estimation of product devel-
opment time, it is appropriate to use the actual data from industry. In order to
enhance generalizability of our results, multiple case studies from three di®erent
organizations have been undertaken. Since technical managers are responsible to
all stakeholders for technical activities, they have been selected as the right sources
for the necessary information.
. Reliability: Each case study has been conducted on the basis of an in-depth in-
terview. Except for the complexity level, number of requirements and the duration
of requirements engineering activities have been drawn from the organization's
archives, and accordingly, it is not researcher-dependent, nor open to di®erent
interpretations. Because that information is also included in the contractual
documentation such as requirements speci¯cations documents and project
schedule, it is su±ciently reliable. For the complexity level de¯nition, an assess-
ment has been performed for all of the products.
3.4. Validity threats
In this study, the following parameters have been used to estimate the product
development time: product complexity, newness of product and whether a formal
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process is used during the life cycle of project. A threat for the validity of the
presented ¯ndings is that di®erent project managers may use di®erent de¯nitions for
these terms. In particular, identi¯cation of the main functions of a given product may
have subjective as well as objective aspects, hence possibly leading to inconsistent
quanti¯cation of complexity. While this issue has been addressed via consistent
de¯nition of such terms throughout the cases studied, assuring an objective and
consistent measurement of product complexity deserves future study.
Another threat arises from the fact that organizations may adopt formal process
de¯nitions, which may not be strictly applied in some projects. In this aspect, the
actual use for a speci¯c project, rather than the existence of formal process de¯ni-
tions, must be considered in development time estimation.
3.5. Data collection
To estimate product development time, data have been gathered from three di®erent
companies via the project technical managers and authors of this paper. Unfortu-
nately, there were di±culties in gathering data from di®erent companies. Firstly,
organizations generally do not keep the project related data in a systematic way. To
overcome this di±culty, interviews have been held with the project technical man-
agers and the related data have been collected using relevant documents and the
organization's database. Interviews were fully-structured, as de¯ned by Runeson and
H€ost [35], all the questions have been prepared before the interviews and the authors
determined the °ow of the discussions. These questions are given below.
Question 1: Are there any similar products which can be in the same domain or are
derivative products in the organizations?
Investigation approach: Discussions with di®erent project technical managers from
di®erent companies have been performed and the details of the projects have been
evaluated. During the evaluation, some project characteristics have been discussed.
For instance, two projects should be in the same domain, that is, the projects should
have some similar functionalities or features so that similarity between the projects
could be determined. Another important issue has been to access personnel who
could evaluate the semantics of the requirements and could de¯ne whether the
requirements were reused or not.
Question 2: Are there recorded data for requirements of projects in the same domain?
Investigation approach: The System/Software Requirements Speci¯cation Docu-
ments for each project have been used to obtain the necessary data.
Question 3: Are there recorded data for reused requirements?
Investigation approach: If the metrics were recorded systematically, data have been
retrieved from the organizational database. If they were not kept in such a formal
repository, reused requirements have been derived from the System/Software
Requirements Documents by the technical personnel involved in the projects. In this
case, technical personnel have evaluated each requirement in the System/Software
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Requirements Documents with the context they are de¯ned. In the scope of each case
study, two projects have been included, thus two System/Software Requirements
Documents have been compared for each requirement. The functionality involved for
each requirement has been interpreted in detail and if a requirement had the same
meaning and if it required designing the same feature/object/activity with a re-
quirement in the System/Software Requirements Documents of the other project,
this requirement has been considered as reused.
Question 4: Is there duration data for requirement de¯nition phases?
Investigation approach: The enterprise resource planning systems of the companies
have been used to extract this data.
Question 5: What is the complexity level of product to be studied?
Investigation approach: The main functions of the products have been determined to
obtain the complexity level of the product with the help of technical managers of the
projects.
Data have been incrementally collected. Number of requirements and the du-
ration of requirements engineering activities have been analyzed ¯rst. In the scope
of that activity, product complexities have been quanti¯ed considering the number
of each product's main functions. It has been shown that counting the main func-
tions is su±ciently representative in terms of software characteristics, technology,
organization and environment determinants and indicators of those determinants
given in [10].
Even the metrics were recorded systematically, the organizations would not re-
lease the data for external use. Therefore, descriptive data about the companies who
provided project related data has been limited in this study. The company data and
related case study summary are given in Table 2. All three companies were located in
the same country and were private development organizations.
Table 2. Summary of the case studies.
Company Sector of products developed Case study Projects Product type
A Military, Civilian 1 A1a, A2 Hardwareþ Software
2 A1a, A3 Hardwareþ Software
3 A4, A5 Software
4 A6, A7 Software
B Military, Civilian 5 B1, B2 Hardwareþ Software
6 B3, B4 Hardwareþ Software
7 B5, B6 Software
C Civilian 8 C1b, C2 Software
9 C1b, C3 Software
aA1 is the baseline project for A2 in the Case Study 1 and A3 in Case Study 2. There were two
projects derived from A1, these are A2 and A3, that is A1 in Case Study 1 and 2 is the same
project.
bC1 is the baseline project for C2 in the Case Study 8 and C3 in Case Study 9.
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4. Case Study Findings
Four of the nine case studies involved the reuse of requirements for a system with
hardware and software. The remaining ¯ve cases involved the reuse of requirements
for purely software products.
The data from the case studies have been used for the following purposes:
. Analyzing the similarity of products to previous products in same domain by
studying the requirements of both products.
. Collecting the realized duration for requirement de¯nition phases.
. The comparison of duration for two projects in the same domain for each case
study.
. Comparison of the realized duration with the results of the method proposed
earlier for product development time [8].
. Separately analyzing the software products and system products.
. Formulating the modi¯cation to be proposed for product development time esti-
mation in software-intensive systems.
The outcomes of the case studies can be summarized as follows:
. Newness of products can be derived from the similarity of product to previously
developed products. Similarity can be calculated from the number of reused
requirements.
. Gri±n's product development time estimation method is appropriate for system
products which involve hardware and software components.
. Gri±n's product development time estimation method is not appropriate for
software products.
A proposal has been formulated and validated for product development time
estimation for software products.
4.1. Case study 1 (system project)
Company A is a market leader for military products and systems. The division of the
Company A that is the focus of this case study uses its own design and development
processes and in 2013 they were certi¯ed at the CMMI Level 3 of maturity. In this
division there were two di®erent projects, Project A1 and A2 in the same product
family and including hardware and software components. Project A1 had been
completed in 2012. By the middle of 2012, the requirements of Project A2 had been
approved by the customer and the pre-design phase had been completed.
Table 3 shows the number of the requirements in Project A2. The realized du-
ration for requirements de¯nition activities for both projects is given in Table 4.
Tables 3 and 4 also include data from other case studies.
Table 3 shows that 57% of the requirements (104 requirements out of 183) of
Project A2 were reused requirements. This implies that the change probability of 104
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reused requirements was very low in this project, because they had previously been
tested and approved by the same or a similar customer. Hence
. 57% of total requirements (104 requirements) for Project A2 were almost ¯xed.
This ratio denotes the similarity of A2 to A1.
. 43% of total requirements (79 new requirements) could still be changed in Project
A2. This ratio denotes the newness of Project A2.
By reusing the requirements, Newness of a product (NN) is minimized. While
normally NN varies between 0% and 100%, by requirements reuse, this variation is
decreased in the range of 0% to 43% for Project A2. Using Gri±n's CTC formulation
in Eq. (2), for all possible changes in the requirements, if the requirements had not
been reused, the organization would have required an additional 16 months
(2CTC NN ¼ 0:16  100%). On the other hand, the organization would only require
an additional maximum of 6.88 months (0.16*43%) when all the common require-
ments have been reused. So, the change e®ect is reduced by 9.12 months for Case
Study 1.
As described above, requirements engineering activities are contained within the
duration of the CTC. To estimate the time spent for requirements engineering ac-
tivities, the calculations for CTC and DT given below for 100% and 43% cases have
Table 3. Number of requirements used in projects.
Project
Total number of
requirements
Number of reused
requirements Newness (%)
Case Study 1 A2 183 104 43
Case Study 2 A3 233 170 27
Case Study 3 A5 342 255 25
Case Study 4 A7 167 106 37
Case Study 5 B2 212 91 57
Case Study 6 B4 394 146 63
Case Study 7 B6 134 82 39
Case Study 8 C2 376 314 16
Case Study 9 C3 323 230 29
Table 4. Durations expended in RE works for projects.
Projects RE durations (months) Possible impact of reuse
Case Study 1 A1 ¼ 8 A2 ¼ 5 37% decrease in duration
Case Study 2 A1 ¼ 8 A3 ¼ 4:5 44% decrease in duration
Case Study 3 A4 ¼ 6 A5 ¼ 4:5 25% decrease in duration
Case Study 4 A6 ¼ 4 A7 ¼ 3 25% decrease in duration
Case Study 5 B1 ¼ 5 B2 ¼ 3 40% decrease in duration
Case Study 6 B3 ¼ 5 B4 ¼ 4 20% decrease in duration
Case Study 7 B5 ¼ 5 B6 ¼ 4 20% decrease in duration
Case Study 8 C1 ¼ 7; 5 C2 ¼ 5 34% decrease in duration
Case Study 9 C1 ¼ 7; 5 C3 ¼ 5 34% decrease in duration
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been performed using Eq. (1) and Eq. (2). 100% indicates that product require-
ments/features were totally new; 43% indicates the amount of new requirements,
and the latter is taken as the change probability of the requirements. As shown in the
calculations below, the complexity level of the product developed within the scope of
Project A2 has been taken as 6, based on the number of main functions and the
technology the product possessed.
CTC100 ¼ 10:4þ 3:7  6þ 0:16  100%þ 0:1  6 ¼ 49:2 months
CTC43 ¼ 10:4þ 3:7  6þ 0:16  43%þ 0:1  6 ¼ 40:08 months
DT100 ¼ 8:4þ 4:2  6þ 0:09  100% 1:9  6 ¼ 31:2 months
DT43 ¼ 8:4þ 4:2  6þ 0:09  43% 1:9  6 ¼ 26:07 months
The time spent on requirements engineering for NN values of 100% and 43%
would be;
CTC100 DT100 ¼ 49:2 31:2 ¼ 18 months
CTC43 DT43 ¼ 40:08 26:07 ¼ 14:01 months
The calculated time spent for requirements engineering (RE) activities is sum-
marized in Table 5. These durations are longer than the actual durations given in
Table 4, because the estimated durations include other systems engineering activities
at the beginning of the project, such as business and concept development.
Even if a maximum change (43%) occurs in the requirements, there would be at
least a 22% decrease (from 18 months to 14.01 months) in the duration of the RE
activities. If the change in the requirements is less than 43%, the improvement would
be expected to be greater than 22%.
When this result is compared with the actual ¯ndings of Case Study 1 in Table 4,
the decrease in Project A2 shows agreement with these calculations. Gri±n's for-
mulation predicts at least a 22% reduction in duration, likewise a reduction of 37%
has been obtained. Thus, this case study which involves both hardware and software
components conforms to the formulation proposed by Gri±n for the estimation of
project duration.
Table 5. Estimated durations spent for RE works.
RE works for
100% change
RE works % of decrease
in RE works
Case Study 1 18 months 14.01 months for 43% change  22%
Case Study 2 18 months 12.89 months for 27% change  28%
Case Study 3 16.5 months 11.25 months for 25% change  32%
Case Study 4 13.5 months 9.09 months for 37% change  33%
CTC-DT Case Study 5 18 months 14.99 months for 57% change  17%
Case Study 6 18 months 15.41 months for 63% change  14%
Case Study 7 19.5 months 15.23 months for 39% change  22%
Case Study 8 13.5 months 7.62 months for 16% change  44%
Case Study 9 13.5 months 8.53 months for 29% change  37%
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4.2. Case study 2 (system project)
This case includes two di®erent projects in the same division of Company A, Project
A1 and A3. Project A1 is the same project de¯ned in Case Study 1. By the middle of
2012, the requirements of Project A3 had been de¯ned and approved in the orga-
nization.
Table 3 shows the number of requirements in Project A3. Table 4 gives the
requirements de¯nition duration data for both projects. As shown in Table 3, for
Project A3;
. 73% of total requirements (170 requirements) for Project A3 were almost ¯xed.
This ratio denotes the similarity of A3 to A1.
. 27% of total requirements (63 new requirements) could still be changed in Project
A3. This ratio denotes the newness of Project A3.
The complexity level of the product developed in the scope of Project A3 has been
assessed by organization sta® as 6.
Similar calculations are performed as in Case Study 1, but details of the calcu-
lations have not been repeated for the rest of the case studies. Estimated RE duration
is summarized in Table 5. When this result is compared with the actual ¯ndings, the
decrease in Project A3 shows agreement with these calculations. Gri±n's formula-
tion predicts at least a 28% reduction in duration, likewise a reduction of 44% has
been obtained. Thus, this case study which involves both hardware and software
components conforms to the formulation proposed by Gri±n for the estimation of
project duration.
4.3. Case study 3 (software project)
Another division of Company A had been using its own design and development
processes and in 2011 they had been certi¯ed at the CMMI Level 3 of maturity. Two
software projects of this division have been analyzed for this case: Projects A4 and
A5 which were in the same product family. Project A4 had been completed in 2011
and included design and development of a military product. For Project A5, the
system requirements had been de¯ned and approved by the customer in 2012.
Table 3 shows the number of requirements in Project A5. Table 4 gives the
requirements de¯nition duration data for both projects. As shown in Table 3, for
Project A5;
. 75% of total requirements (255 requirements out of 342) were almost ¯xed and
their change probability was very low. This ratio is the similarity of A5 to A4.
. 25% of total requirements (87 requirements out of 342) could still be changed
during the product cycle time. This ratio is the Newness of Project A5.
The complexity level of the product developed in the scope of Project A5 has been
assessed by organization sta® as 5.
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Estimated RE duration is summarized in Table 5. These calculated results are not
in agreement with the actual ¯ndings of Case Study 3 in Table 4. The decrease in
Project A5 was actually 25% but Gri±n's formulation predicts at least a 32% de-
crease in Project A5. This observation, together with others in similar purely soft-
ware development projects, as described in the remaining case studies, motivates our
modi¯cation proposal to be presented Sec. 5, below.
4.4. Case study 4 (software project)
Two software projects have been analyzed for this case: Projects A6 and A7 which
were in the same product family. Project A6 had been completed in 2012 and in-
cluded design and development of a military product. For Project A7, the system
requirements had been de¯ned and approved by the customer in 2012.
Table 3 shows the number of requirements in Project A7. Table 4 gives the
requirements de¯nition duration data for both projects. The complexity level of the
product developed in the scope ofProjectA5has been assessedby organization sta®as 3.
Estimated RE duration is summarized in Table 5. These calculated results are not
in agreement with the actual ¯ndings of Case Study 4 in Table 4. The decrease in
Project A7 was actually 25% but Gri±n's formulation predicts at least a 33% de-
crease in Project A7.
4.5. Case study 5 (system project)
Company B has a design and development process which is in accordance with
IEEE/EIA 12207. This case study analyzes Projects B1 and B2 which were related to
the same product family of military communication equipment, and which included
hardware and software components. Project B1 had been completed in 2011. Project
B2 was based on the product developed in the scope of Project B1. New requirements
were added according to the product user and chosen platform. For Project B2 the
system requirements had been de¯ned and approved by the customer in 2011. This
project was in the development phase at the time of the study and the test phase
would start at the end of 2013.
The number of the requirements in Project B2 is given in Table 3. The realized
duration for the requirements de¯nition activities for both projects is given in Table 4.
The complexity level of the product developed in the scope of Project B2 has been
taken as 6 based on the number of main functions the product possessed.
Estimated duration for RE activities is summarized in Table 5. When this result is
compared with the actual ¯ndings of Case Study 5 presented in Table 4, the decrease
in Project B2 shows agreement with these calculations.
4.6. Case study 6 (system project)
This case study also consists of two system projects from Company B: Projects B3
and B4. Project B3 had been completed in 2012. Project B4 was in the test phase and
was expected to be completed in 2013.
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The number of the requirements in Project B4 is presented in Table 3. The
realized duration for the requirements de¯nition activities for both projects is given
in Table 4.
The complexity level of the product developed in the scope of Project B4 has been
taken as 6 based on the number of main functions.
As a result of calculations, the time spent on RE activities is summarized in
Table 5. When this result is compared with the actual ¯ndings of the Case Study 6 in
Table 4, the decrease in Project B4 shows agreement with these calculations.
4.7. Case study 7 (software project)
This case study involves two software projects from Company B; B5 and B6 which
were in the same domain. In the scope of Project B5, a commercial software product
had been developed. Project B6 includes the development of a similar product for
military purposes. Project B5 had been completed in 2010. For Project B6, the
software requirements had been de¯ned and approved by the customer in 2012.
Project B6 was expected to be completed in 2014.
Table 3 shows the number of requirements in Project B6. Again, for the
requirements de¯nition of both projects, the duration data are given in Table 4.
The product developed in the scope of the Project B6 had a complexity level of 7.
Using the results of the calculations, the duration for RE works is summarized in
Table 5. These calculated results are not in agreement with the actual ¯ndings of
Case Study 7 in Table 4. The decrease in Project B6 was 20% in the case study but
Gri±n's formulation predicts at least a 22% decrease in Project B6.
4.8. Case study 8 (software project)
Company C is a leading software company. Their software design and development
activities are performed in accordance with ISO/IEC 15504 maturity model Level 2.
Two software projects which were in the same product family from Company C have
been analyzed for this case study. Both projects were carried out for government
institutions. Project C1 began development in 2009. Project C2 started at the be-
ginning of 2012 and delivery was planned for the end of 2013.
Table 3 shows the number of requirements of Project C2. For the requirements
de¯nition activities of this project, the duration data are given in Table 4.
Again, the complexity level of the product developed in Project C2 has been taken
as 3 based on the number of functions in the software.
Table 5 presents a summary of the time spent on RE works according to the
results of the calculations. However, the calculated result is not in agreement with
the actual ¯ndings of Case Study 8 as shown in Table 4. The decrease in Project C2
was 34% in real life but Gri±n's formulation predicts at least 44% decrease in
Project C2.
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4.9. Case study 9 (software project)
A second case study from Company C has been undertaken. In this case Project C3
used Project C1 which was de¯ned in Case Study 8 as a baseline and new customer
requirements have been added to Project C3. C1 and C3 were in the same product
family. This software product in the scope of Project C3 was also developed to be
used by a government institution. Project C3 had started at the beginning of 2012
and delivery was planned for the beginning of 2014.
Table 3 shows the number of requirements in Project C3. For the requirements
de¯nition activities of this project, the duration data are given in Table 4.
The complexity level of the product developed in Project C3 has been taken as 3
based on the number of functions in the software.
The result of these calculations for the time spent on RE works is summarized in
Table 5. However, the calculated result is not in agreement with the actual ¯ndings
of Case Study 9 as shown in Table 4. The decrease in Project C3 was 34% in real life
but Gri±n's formulation predicts at least a 37% decrease in Project C3.
A summary of all the case study results are presented in Table 6.
5. Discussion
According to the ¯ndings of Case Studies 1, 2, 5 and 6, Gri±n's formulation for
product development time has been validated for system projects which include
hardware and software components.
The ¯ndings of Case Studies 3, 4, 7, 8 and 9 disagree with the estimates based
on Gri±n's formulation. In this section, we propose a modi¯cation to Gri±n's for-
mulation for software projects and show that in its modi¯ed form, it can be used to
accurately estimate the product development time.
Software requirements can change more easily and more often than hardware
requirements. Software changes generally do not a®ect the hardware, a change
Table 6. Expected and actual changes in duration of RE activities for projects A2, A4, B2, B4, B6, C2,
C3 using Gri±n's formulation.
Project Product type
Max.
expected %
of change
in req.
Expected %
of duration
decrease in
RE works
Actual % of
duration decrease
in RE works
Compatibility to
Gri±n's
formulation
A2 Hardwareþ Software 43%  22% 37% Compliant
A3 Hardwareþ Software 27%  28% 44% Compliant
A5 Software 25%  32% 25% Not Compliant
A7 Software 37%  33% 25% Not Compliant
B2 Hardwareþ Software 57%  17% 40% Compliant
B4 Hardwareþ Software 63%  14% 20% Compliant
B6 Software 39%  22% 20% Not Compliant
C2 Software 16%  44% 34% Not Compliant
C3 Software 29%  37% 34% Not Compliant
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request can be met by amendments to software. However, hardware changes can
have a greater impact on the project.
We propose that the NN variable in Eq. (1) and Eq. (2) must be re-evaluated for
software projects. By referring to our case studies, if the e®ect of the NN variable is
multiplied by at least 2.1 but not more than 2.5 (which is the range common to all of
the cases considered) for the cases where the product is not totally new, the results of
Gri±n's formulation agree with real-life results. The multiplication coe±cient used
in this study is denoted as . The values for this coe±cient for each software case
study are given in Table 7.
If an estimate is to be performed for a new project then with the information at
hand, the best value to be used for  would be 2.1. Using a  which is larger than the
maximum value (2.5 in this case), the e®ects of requirement reuse diminishes. Using a
 lower than the minimum value, on the other hand, leads to the same results as using
Gri±n's original formula.
Since the number of samples, 5, is small, bootstrap sampling has been used to
reach a con¯dence interval for  value. For this purpose, minimum and maximum 
values have been resampled 10.000 times by using XLSTAT [42]. The results are
given in Table 8.
As seen from the bootstrap resampling results, upper bound of minimum  value is
2.102 and lower bound of maximum  value is 2.107. That is;
½1:258; 2:102    ½2:107; 5:413
This result supports our suggestion for using the values of  between 2.102 and
2.107, which is the intersection interval for all bootstrap resamples. According to this
approach, it is necessary to use the best value for  within that range, so we selected 
value as 2.102.
The proposed modi¯ed versions of Eqs. (1) and (2) are presented below. The
duration estimations include the engineering e®orts during the requirements
Table 7. Possible values of  for
software projects.
Project Multiplication coe±cient
A5 1:7    4
A7 1:4    2:7
B6 2    2:5
C2 2:1    6:2
C3 1:2    3:4
Table 8. Bootstrap resampling of  value.
Parameter
Mean
(bootstrap)
Standard
deviation (bootstrap)
Lower bound (standard
bootstrap interval)
Upper bound (standard
bootstrap interval)
 minimum 1.679 0.152 1.258 2.102
 maximum 3.755 0.595 2.107 5.413
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engineering phases. Other departments such as marketing and ¯nance are not in-
cluded within the scope of the case studies. Therefore, this modi¯cation is under-
taken for the case where a cross functional team is not used in the organization.
DT ¼ þ 1DT  PCþ 2DT    NNþ 3DT  ðPC FPÞ þ DT ð5Þ
CTC ¼ þ 1CTC  PCþ 2CTC    NNþ 3CTC  ðPC FPÞ þ CTC ð6Þ
where 2:1    2:5 (for the most reliable result  is selected as 2.102).
The revised calculation for the software project cases is repeated using the proposed
formulation. The calculations for software projects are performed below using Eq. (5)
Table 9. Expected and actual changes in duration of RE activities for projects A4, B6, C2 and C3
using the proposed formulation.
Case
study Project
Max. expected
% of change
in Req.
Expected %
of duration
decrease in
RE works
Actual % of
duration decrease
in RE works
Compatibility to
modi¯ed Gri±n's
formulation
(Proposed formulation)
3 A5 25%  20% 25% Compliant
4 A7 37%  12% 25% Compliant
7 B6 39%  7% 20% Compliant
8 C2 16%  34% 34% Compliant
9 C3 29%  20% 34% Compliant
Define the variables to estimate 
development time 
Is formal 
process 
used? 
Formal Process Newness of Product Complexity of Product 
Define the reuse rate 
(similarity of product) 
Eq. (3) 
Define the newness 
of product. Eq. (4) 
Define the 
main functions 
of product 
Estimate product 
development time
Formulate product development time 
Eq. (5), Eq. (6)
FP=1 FP=0 
Yes 
No 
Requirements 
specification 
documents 
Fig. 2. Product development time estimation process.
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and Eq. (6). Since the evaluations regarding the results of the case studies do not cover
totally new products, Eqs. (1) and (2) are used for NN ¼ 100%. The summarized
results of software projects using the proposed formulation are given in Table 9.
At the beginning of this study, the research problem has been stated as \How
can product similarity be re°ected to development time estimation at the
beginning of a software intensive system development project?" By the
¯nding of the case studies, an accurate model has been proposed to estimate the
product development time. Figure 2 outlines the process of estimating the project
development time that re°ects the knowledge gathered from the reported case
studies. Newness of the product is de¯ned by using the framework proposed in this
study. Finally, the complexity of product is de¯ned by counting the main functions of
product.
6. Conclusion
Nine cases of software intensive systems projects have been studied, and it has been
observed that Gri±n's development duration estimation formula can be applied to
systems projects involving both hardware and software components, while it has to
be modi¯ed for purely software projects. Based on the ¯ndings of the case studies
carried out, we have proposed to modify Gri±n's formulation for software products.
This is achieved by multiplying the Newness/uncertainty variable by coe±cient 
which is between 2.1 and 2.5, in which case estimations have been observed to agree
with actual project durations.
It is very likely that di®erent projects in the same domain have many common
requirements and if these requirements are maintained and shared in a common
database to which all company personnel can access, systems engineers will choose to
use these requirements in di®erent projects. In this study we quantify the similarity
of di®erent products in same domain according to the number of reused requirements
in the products. Newness is then derived from the similarity ¯gures used in product
development time estimations.
The results of this study are generalizable across development organizations,
because the organizations considered in the case studies have been selected from
di®erent locations in the same country and they produce products in di®erent sectors
and the ¯rms have di®erent customers.
6.1. Main contributions of the study
The main contributions of the present study have been as follows:
. Gri±n's product development time estimation model has been assessed via in-
dustrial case studies in three di®erent organizations in the context of software
projects and hardware and software systems projects.
. Nine industrial case studies have been conducted to present the requirements reuse
approach to de¯ne product similarity in the same domain.
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. A product similarity framework has been proposed to derive the newness of the
product. This similarity framework is based on the requirements reuse among
products in same domain.
. An extension to Gri±n's project duration estimation model has been proposed for
software projects. This involves the use of data from previous projects. This data
has been incorporated into a mathematical model that facilitates a way of easily
and more accurately estimating the project duration at earlier project stages.
6.2. Limitations
This study has focused on the requirements de¯nition phase of projects which
includes the e®orts of a technical team. The projects covered in this phase do not
include the e®orts of non-technical departments such as marketing and ¯nance.
Therefore, this study has not addressed the e®ects of cross functional teams on
product development times.
The products in each case study were in the same domain and each project used
some of the requirements from previous projects. Thus, requirements reuse among
di®erent domains was not within the scope of this research.
Another limitation is that this study has not evaluated the complexity of
requirements. All the requirements have been considered to a®ect the complexity by
the same degree irrespective of their nature.
Finally, as stated at the beginning of the paper, having conducted qualitative
research consisting of nine case studies carried out in di®erent sectors, while we claim
a certain level of generalizability of our extension to Gri±n's method, our proposal
remains a hypothesis deserving and needing veri¯cation in extensive and quantita-
tive studies.
6.3. Future work
It is possible that the duration of a project can be further reduced by investigating
reuse in the other phases of the project life cycle.
In the present work, the products considered in the case studies had di®erent
levels of complexity ranging from 3 to 7. Future work could address di®erent pro-
ducts with wider variances of complexity to test the formulation.
To enhance the validity of the  value in the proposed modi¯cation of Gri±n's
formulation, additional case studies can be performed and the e®ect of reuse can also
be studied for organizations in which cross functional teams are used.
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